Introduction
Acute osteomyelitis, although a rare complication in neonates, is a diagnostic and therapeutic challenge. Due to their immature immune response neonates are more susceptible to osteomyelitis than are older children. Preterm infants are at high risk for osteomyelitis because of frequent blood drawing, invasive monitoring/procedures and intravenous drug administration [1, 2] . Early diagnosis of neonatal osteomyelitis might be difficult because of the paucity of clinical signs and symptoms, but has to be included in the differential diagnosis when late-onset or prolonged neonatal sepsis is present, as outcome is dependent on rapid diagnosis and immediate start of treatment.
Epidemiology
In Western countries the incidence of osteomyelitis and septic arthritis is 5-12 per 100.000 infants [3] . The overall incidence rate for bone and joint infections is 0.12 per 1000 live births and 0.67 per 1000 neonatal intensive care (NICU) admissions [4] , with a mortality rate of 7.3% [5] . Some recent studies have reported an estimated incidence of 1-7 per 1000 hospital admissions for neonatal osteomyelitis [6, 7] . In a review of more than 300 cases of neonatal osteomyelitis male infants are seen to predominate over females (1.6:1) and preterm infants to be at higher risk than term infants [8] [9] [10] . Risk factors for osteomyelitis and septic arthritis in preterm infants are mostly iatrogenic, including invasive procedures, intravenous or intra-arterial catheters, parenteral nutrition, ventilatory support, and bacteremia with nosocomial pathogens [11, 12] . Two subgroups of neonates are affected: premature neonates with prolonged hospitalization and otherwise healthy newborns presenting within 2 to 4 weeks of discharge [13] .
Microbiology
Neonatal osteomyelitis arises as a consequence of hematogenous spread of microorganisms, which is the most common route of infection. In preterm infants, neonatal osteomyelitis frequently results from directly inoculated bacteria (secondary to heel or venipuncture, umbilical catheterization, infected cephalhematoma, etc.) [14, 15] . Premature rupture of membranes and transplacental infection have also been described as risk factors for neonatal osteomyelitis [16] .
The most common bacterial pathogen causing osteomyelitis in children is Staphylococcus aureus in all age groups [17] . Group B streptococcus (Streptococcus agalactiae) and gramnegative organisms (E. coli and Klebsiella pneumonia) are also important bacteria in the neonatal period [16, 18, 19] . Community-acquired strains of methicillin-resistant Staphylococcus aureus have emerged as being relevant in recent years and cause serious infections in the neonate [12, 20, 21] .
Pathogenesis
Hematogenous infection of the long bones, which are most frequently affected, begins in the capillary loops of the metaphysic, adjacent to the cartilaginous growth plate (physis). These areas are very susceptible to hematogenous infection, because of its high vascularity and because the blood flow within the vessels is slow [22] . Bacteria can pass through gaps from the sinusoidal veins to the capillaries into the tissue, where they are provided an ideal environment to grow, resulting in abscess formation. These abscesses frequently rupture into the joint [23] . In neonates acute hematogenous osteomyelitis and septic arthritis co-exist in up to 76% of all cases as a result of this unique vascular anatomy of the epiphysis; the bone marrow compartment is seldom involved [10, 24] . The epiphysis receives its blood supply directly from metaphyseal blood vessels (transphyseal vessels) and the adjacent cartilaginous growth plate is traversed by capillaries, allowing spread of the pathogenic bacteria to the physis, epiphysis and joint and resulting in slipped epiphyses, fractures, premature physeal closure and chronic infection ( Figure 1 ) [25] .
Characteristics of the neonatal bone prevent many of the features of chronic osteomyelitis: cortical sequestra are often completely absorbed due to extensive bone blood supply in the newborn and, in addition, efficient vasculature of the inner layer of the periosteum encourages early development of new bone formation [26, 27] . Complete destruction of joints is rare, but serious growth disturbances may occur.
Diagnosis
Diagnosis of osteomyelitis in the neonate can be challenging and is often delayed, as it is rare in the neonatal period and frequently presents with non-specific signs of illness. Diagnosis is based on clinical signs and symptoms, laboratory findings, radiological and microbiological criteria.
Clinical signs and symptoms
In general, two distinct clinical syndromes have been postulated to be associated with neonatal osteomyelitis: 1) a benign form, with little or no evidence of infection other than Neonatal Osteomyelitis 35 local swelling, and 2) a severe form, with the predominant manifestation of a sepsis-like syndrome with multiple bone sites being noted as manifestations [28] . In neonates, almost half of all cases involve two or more bones. Clinical symptoms and signs of osteomyelitis in the neonate are at first frequently unspecific and mild. They may include temperature instability, feeding intolerance, irritability or reduced movement, frequently giving rise to the suspicion of secondary sepsis. Fever is a rare condition that could be explained by a rather poorly developed immune system. As the disease progresses, more specific signs may become present, including disability, local swelling or erythema. Focal tenderness over a long bone should catch the physician's attention. In some cases subcutaneous abscess formation prompts the diagnosis of osteomyelitis. Hip, knee and shoulder are most frequently involved [7, 28, 29] .
Laboratory findings
In general, there is no specific laboratory test for osteomyelitis. Neonates with osteomyelitis frequently show normal leukocyte counts and erythrocyte sedimentation rates in the first days. Thus, normal values do not preclude the diagnosis [30] . The C-reactive protein (CRP) is a rapid indicator of systemic inflammation and tissue damage, is useful as acute phase reactant, but not specific for skeletal infection. Procalcitonin has also been described as a potential marker in the diagnosis of osteomyelitis in children, but needs to be investigated in larger trials, especially in newborns [31, 32] . Elevated values of CRP and erythrocyte sedimentation rates could be used to monitor response to therapy or identify complications.
Imaging techniques
Radiological investigations confirm the suspicion of neonatal osteomyelitis, define the infection site, differentiate between unifocal and multifocal disease patterns and identify secondary complications. Computed tomography, magnetic resonance imaging, ultrasound, radiography and bone scintigraphy scanning have been reported to be useful in detecting osteomyelitis. However, awareness of radiation exposure, need for sedation and transfer to another unit must be considered in the selection of technique.
Radiographs should be the first diagnostic assessment to be performed in patients with suspected osteomyelitis, because they may suggest the correct diagnosis and exclude other pathologic conditions (Figure 2a ). However, the specificity of plain radiographs for detecting osteomyelitis is greater (75% to 83%) than its sensitivity (43% to 75%) [33] . Plain radiography can show soft tissue swelling and destroyed fascial planes within days after onset of infection, but may be subtle and not obvious until day 5 to 7 in children [34] . In the neonate even soft tissue swelling may not be present, because subcutaneous fat is lacking and fascial planes are poorly defined. Joint effusions might be suspected if widening of the joint space or bulging of the soft tissues is detected. Additional early changes are as follows: periosteal thickening/elevation, lytic lesions, osteopenia, loss of trabecular architecture, and new bone apposition [35] . Of importance, destructive bone changes do not appear until 7 to 14 days of disease [25] .
Predominately in children, ultrasound can detect features of acute osteomyelitis several d a y s e a r l i e r , t h a n r a d i o g r a p h s [ 3 4 ] . E v e n t h o u g h f i n d i n g s m a y n o t b e s p e c i f i c a n d standardized reports for neonates with osteomyelitis are lacking, ultrasound should be taken into account as a useful additional diagnostic tool for the early detection and management of osteomyelitis in neonates as it has many advantages: it is non-invasive, readily accessible, performed bedside, of minimal discomfort for the patient, does not use ionizing radiation and does not need sedation [36, 37] . Even though ultrasound cannot exclude the diagnosis of osteomyelitis, its main value lies in its ability to identify involvement of the adjacent soft tissue (subperiosteal fluid collection or abscess formation), periosteal thickening or elevation, joint effusions and irregularities or interruptions of the cortical bone (Figure 2b) [38, 39] . Color Doppler imaging further supports the diagnostic assessment, showing coexisting presence of hyperemia surrounding the periost and soft tissue abscess formation. Ultrasound can also be used to image guided-needle aspiration of the subperiosteal fluid for pathogenic organism isolation or subperiosteal abscess drainage. Furthermore, ultrasound has been described as being helpful in differentiating between epiphyseal separation and subluxation following septic arthritis [40] . However, ultrasound cannot exclude the diagnosis of acute osteomyelitis, and thus further imaging diagnostics may be required [41, 42] . Magnetic resonance imaging (MRI) has high specificity (94%) and sensitivity (97%) for the diagnosis of acute osteomyelitis, showing changes as early as day 3 to 5 after the onset of infection [43, 44] . MRI gives excellent tissue characterization and high resolution, showing detailed anatomic presence of the inflammatory process and its complications (abscess formation, physeal involvement, septic arthritis), further allowing the assessment of involvement of the growth plate and epiphysis. MRI has been proven useful in the diagnosis of clinically suspected osteomyelitis in children [45] [46] [47] [48] , but for its use in neonatology it has several limitations: first and foremost the need for sedation and transfer to the MRI unit.
Three-phase bone imaging, using technetium 99m is very sensitive (90%-95%) for the detection of acute osteomyelitis in the early stages of disease and allows detection within 24 to 48 hours after onset of symptoms [34, 49] . Bone scintigraphy is especially useful for detecting multiple foci of infection or if the infection site is poorly localized. Technetium-99 methylene diphosphonate accumulates in areas of increased bone turnover and is for now the preferred agent of choice for radionuclide bone imaging. In neonates bone scintigraphy is the subject of controversy: only a few reports support its use and have shown that sensitivity is much lower, than in older infants because of poor bone mineralization [18, 48, 50 ].
Treatment
Successful cure of osteomyelitis during the newborn period is dependent on a fast and true diagnosis and sufficient treatment. Empirical selection of antibiotic therapy depends on the age and the clinical situation of the infant. Antimicrobial therapy should be started as soon as the diagnosis is made and directed against the most common bacterial isolates responsible for hematogenous osteomyelitis according to age group. Delay in therapy commencement increases the risk for complications. If a definitive organism is isolated, antimicrobial treatment should be accordingly adjusted.
For neonates an empiric regimen should include excellent coverage against S. aureus, group B streptococcus and enteric gram-negative bacteria, thus consisting of a third-generation cephalosporin (cefotaxime) plus an antistaphylococcal agent (amoxicillin). Infants at risk for hospital-acquired infection (methicillin-resistant or coagulase negative Staphylococcus aureus) should receive vancomycin instead of amoxicillin.
Duration of treatment depends on the extent of infection, the clinical response and the presence of underlying risk factors [51] . In the case of unifocal osteomyelitis continuation of treatment for six weeks and in the case of complex disease, defined as multifocal, significant bone destruction, resistant unusual pathogen, septic shock, continuation for more than six weeks to months might be required. Antimicrobial treatment is frequently administered intravenously for two to three weeks and then switched to oral medication [52] . Surgery is indicated to drain acute abscesses or when no improvement is achieved with antibiotic treatment.
Prognosis
Several studies have documented poor outcome even with modern treatment facilities. In neonates the reported incidence of permanent sequelae varies from 6% to 50% [2, 11] . Neonatal osteomyelitis can lead to permanent joint disabilities, disturbances in bone growth secondary to damage to the cartilaginous growth plate, limb-length discrepancies, arthritis, decreased range of motion and pathologic fractures [51] .
Conclusion
Neonatal osteomyelitis, although a rare complication, remains a diagnostic and therapeutic challenge and poses the infant at high risk for long term morbidity. Osteomyelitis should be considered in newborn infants presenting with clinical signs of sepsis, but lacking an obvious focus, in order to facilitate early diagnosis and prompt initiation of appropriate therapy.
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